[1] For human operations on the surface of Mars, methods of estimating radiation exposures from galactic cosmic rays (GCRs) are needed. To facilitate making estimates of human radiation exposures for crew operations in the Martian atmosphere, lookup tables have been generated that provide doses for critical body organs and effective doses for exposures from galactic cosmic rays anywhere on the surface of Mars. The organ doses and effective doses are tabulated for carbon dioxide atmospheric shielding areal densities ranging from 0 to 300 g cm −2 followed by aluminum spacecraft or habitat shield areal densities ranging from 0 to 100 g cm
Introduction
[2] Exposures of interplanetary crews on missions beyond low-Earth orbit have been the subject of various studies over the past several decades. A representative listing of these studies are presented in the references [Baker et al., 2007; Cucinotta and Durante, 2006; Hoff et al., 2002 Hoff et al., , 2004 Kim et al., 2007 Kim et al., , 2009 Lyne and Townsend, 1998; Parsons and Townsend, 2000; Saganti et al., 2004; Shinn et al., 1994; Simonsen et al., 1990 Simonsen et al., , 1991 Townsend et al., , 1991 Townsend et al., , 1992 Townsend et al., , 1994 Townsend et al., , 2006 Townsend, 2005; Zapp et al., 2002] . The main objective of the Earth-Moon-Mars Radiation Exposure Module (EMMREM) framework is to provide researchers with the capability to characterize time-dependent radiation exposures in the Earth-MoonMars and interplanetary space environments. An overview of this framework is provided elsewhere as are examples of its application to galactic cosmic ray (GCR) and solar energetic particle event (SEP) exposures in interplanetary space.
[3] In this work we focus on the capabilities of the EMMREM framework to estimate GCR radiation exposures anywhere on the surface of Mars. To facilitate making estimates of human radiation exposures for crew operations in these scenarios, lookup tables have been generated that provide the means for obtaining estimates of doses for critical body organs and effective doses for exposures from GCR environments anywhere on the surface of Mars at any time during the solar cycle. A lookup table is used because the radiation environments are transported through as much as 500 g/cm 2 of atmosphere, aluminum and body self-shielding materials. Calculations at such depths for these complex space radiation environments cannot be carried out in near real time simulations. In section 2, the computational methods and models used to generate the lookup tables are described. Section 3 presents a discussion of the lookup tables and describes how to use them. Section 4 presents sample results for a Mars surface scenario involving a surface habitat for the current GCR environment to illustrate use of the tables. Finally, the paper finishes with concluding remarks in section 5. [4] In this section the methods and models used to generate the lookup tables are presented. The transport of the incident radiation spectra is carried out using the space radiation transport code HZETRN [Nealy et al., 2007] for the incident galactic cosmic ray spectra. The spectra are transported through the Mars atmosphere (0 to 300 g cm −2 ), then through aluminum shielding (0 to 100 g cm −2
Computational Methods and Models
), and finally through water to simulate the body selfshielding for the organ of interest. For the body composition, water is commonly used as a substitute for soft tissue. A realistic body self shielding distribution, based upon the Computerized Anatomical Male (CAM) model of human geometry [Billings and Yucker, 1973] is used to estimate organ doses and dose equivalents. These are then used to calculate the effective dose, which is the relevant radiation protection quantity for comparing to the current exposure limits, as specified in the NASA Permissible Exposure Limits (PELs) [NASA, 2007] . The body organ self-shielding distributions are obtained using 968 rays penetrating the body, which cover the entire 4p solid angle surrounding a particular body organ site. Doses and organ dose equivalents are calculated for the bone marrow, brain, bladder, breast, colon, esophagus, heart, kidney, eye lens, liver, lung, gonads, pancreas, skin, stomach, and thyroid. For the skin and bone marrow, which are distributed throughout the body, doses and dose equivalents are obtained by averaging over more than 40 anatomical locations for each organ. For large organs, such as the lung, kidney, etc, multiple sites in the organ are averaged over. For localized organs, such as the eye lens, only one site is used. Note that organ doses (D) are given in units of centigray (cGy), where 1cGy = 0.01 Gy = 1 rad and 1 Gy = 1 J/kg. Organ dose equivalents (H) are in units of centisievert (cSv) where 1cSv = 0.01 Sv = 1 rem and 1Sv = 1 J/kg. The units on effective dose (E) are also cSv.
[5] Organ doses are calculated by folding the body organ self-shielding distribution with the dose as a function of depth in water obtained from the applicable transport code using
where D(x) is the dose at depth x in water due to all particles, S j (E) is the stopping power in water of particles of type j with energy E, and F j (x, E) is the flux of particles of type j at x with energy E. The organ dose equivalents are similarly obtained from the transport code using
where Q is a quality factor that accounts for the fact that different particle types do differing amounts of biological damage for the same absorbed dose. Once the organ dose equivalents are calculated for each organ, the effective dose is obtained from
In equation (3) the tissue weighting factors w T are the proportionate detriment of the organ denoted by T when the whole body is irradiated. The w T values used herein are listed in 'Neill, 2006] , which is the current NASA standard. The incident spectra that are transported through the three layers of material (atmosphere, aluminum and water) include all elements from hydrogen through iron, which are the major ones contributing to human exposures in space. Incident GCR spectra were generated for a variety of interplanetary magnetic field potentials ranging from 417 MV (current environment) to 1800 MV. These span the range of potentials likely to be encountered (417, 450, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, and 1800 MV).
Lookup Tables: Description and Use
[7] For each incident GCR environment, as specified by its interplanetary magnetic field potential, tables were generated for organ doses, organ dose equivalents, and for effective dose for 150 combinations of Mars atmosphere thicknesses (0 to 300 g cm −2
) and aluminum shielding thicknesses (0 to 100 g cm
−2
). For the CO 2 atmosphere of Mars and the aluminum shielding, the "thicknesses" are in units of areal density (g cm −2 ) where areal density (g cm −2 ) = density (g cm −3 ) × thickness (cm). The Mars atmosphere thicknesses in the lookup tables are 0, 1, 2, 4, 5, 10, 15, 20, 30, 40, 60, 80, 100, 150 and 300 g cm −2 . For the aluminum, the thicknesses are 0, 0.3, 1, 5, 10, 20, 30, 40, 60 Tables  [9] As described above, lookup tables for the incident GCR environments displaying organ doses, organ dose equivalents, and effective doses are available. Table 1 displays a portion of the lookup table, taken from the Boston University website, for organ dose (skin, eye, bone marrow (also sometimes referred to as blood-forming organs) brain (central nervous system), and heart) and effective dose for each combination of Mars atmosphere and aluminum shielding areal densities ("thicknesses") for the current (2009) GCR environment (417 MV inter- Tables  [10] The effective dose values in these tables can be used for comparison with the exposure limits in the NASA Permissible Exposure Limits guidelines to determine if the career exposure limits are being met for any scenario being investigated.
Description of GCR

Use of
[11] 1. The entries for 0 g cm −2 in the Mars atmosphere column are appropriate for use in deep space, outside the atmosphere of Mars. The shadow shielding provided by the planet's bulk is not accounted for in these entries.
[12] 2. Table entries for thicknesses of 1 g cm −2 and larger of Mars atmosphere are for use within the atmosphere of Mars. These values include the effects of the 2p shadow shielding provided by the planet's bulk near its surface.
[13] For atmosphere path lengths and aluminum shielding thicknesses that are different than the values presented in Tables 1 and 2 , interpolations or using curve fits to provide radiation exposure quantities for the unlisted, intermediate values is necessary and can be easily accomplished using numerical methods such as spline interpolations or by employing curve fitting software. The areal densities for the shielding provided by the combination of the atmosphere and aluminum can be determined for any point within the shielded geometry on the planetary surface using ray tracing techniques that adequately cover the 2p solid angle around the point in question (e.g., 1000 equally spaced rays).
Sample Results for a Mars Surface Scenario
[14] To illustrate use of the lookup tables, it is assumed that a crewmember is located at ground level in the center of a hemispherical shell structure composed of aluminum, which is located at the mean elevation of the surface of Mars. The ground level center location within the hemisphere is chosen because it is the point within the structure where the radiation exposures are the highest.
[15] For the pure CO 2 Mars atmosphere, both warm, low-density (16 g cm −2 ) and cold, high-density (22 g cm −2 ) models are available [Smith and West, 1983] . These areal densities are for the local zenith, the direction vertically through the Mars atmosphere starting from the mean surface elevation, and represent the thinnest shielding provided by the atmosphere. In this work we assume the warm, low-density model (16 g cm −2 of CO 2 ), which provides less atmospheric shielding. ).
[16] Since incoming GCR radiation is isotropic, the atmosphere shielding thicknesses (path lengths) are greater for particles arriving at angles greater than zero, with respect to the local zenith. Therefore to account for this, the dose and effective dose must be averaged over all path lengths for all arrival angles from 0 to ∼90 degrees. As the arrival angle approaches 90 degrees (the horizon), the areal densities increase dramatically, as seen in Figure 1 , which displays the atmosphere path lengths for the warm, low-density atmosphere, as a function of arrival angle from 0 to ∼90 degrees, as measured from the local zenith.
[17] To illustrate the use of the GCR lookup tables, we assume a hemispherical habitat on the Martian surface covered by the warm, low-density atmosphere. We also assume that incident spectrum is representative of the current 2009 environment (417 MV interplanetary magnetic field potential). Since the main radiation protection concern on the surface from incident GCR particles is the effective dose (acute radiation syndrome effects, such as radiation sickness, are not of concern since the absorbed doses are well below any threshold), we will focus on that radiation protection quantity in this work.
[18] Four areal densities for the aluminum hemisphere are assumed: 1 g cm −2 , 5 g cm
, 10 g cm −2 and 30 g cm −2
. These are selected because they are representative values for components that might become part of a constructed habitat. Figure 2 displays curves of the effective dose calculations for the 1 and 30 g cm −2 aluminum shields as a function of the atmosphere thickness obtained using a commercial curve-fitting software package (TableCurve 2D v5.01 software published by SYSTAT). Also displayed are the data points from the HZETRN calculations used for the curve fits. The curves for 5 and 10 g cm −2 aluminum shields are similar and lie between the two curves displayed in Figure 2 .
[19] Table 2 displays the effective dose for each aluminum shield areal density after averaging over all path lengths (16 to 300 g cm
) for arrival angles of 0 to ∼90 degrees from the zenith. These effective doses, extrapolated from daily values in Table 2 to annual values, range from 24.2 to 25.3 cSv. The NASA career exposure to radiation is limited to not exceed 3 percent risk of exposure induced death for fatal cancers. Table 3 lists the career permissible exposure limits for effective dose (in units of cSv) for a male crewmember for this guideline. Note that the effective doses in Table 2 are well below these limiting values, even for the youngest exposure age and for the smallest aluminum shield areal density. Note also, from Table 2 , that the effective dose within the 1 g cm −2 aluminum shield is less than 5% higher than the effective dose within the 30 g cm −2 aluminum shield. Obviously, the presence of the overlying CO 2 atmosphere is the main source of shielding for the crew member on the surface. The presence of the aluminum shielding appears to have little effect on the effective dose.
[20] Nevertheless, to illustrate the use of the lookup tables for the GCR environment, a sector shield will be analyzed. Assume that a hemispherical habitat is shielded by 30 g cm −2 of aluminum for angles of 0 to 20 degrees from the zenith, by 10 g cm −2 of aluminum from 20 to 30 degrees, by 5 g cm −2 of aluminum from 30 to 45 degrees, and by 1 g cm −2 of aluminum from 45 to 90 degrees. Then the atmosphere-averaged effective dose, contributed by GCR particles arriving from all incident directions, for the assumed sector shield configuration, is 0.06652 cSv/d. This value is less than 0.5% higher than the value obtained with a complete, aluminum hemispherical shield with uniform areal density of 30 g cm . As an alternate configuration, consider replacing the 5 and 10 g cm −2 aluminum shield sectors in the previous configuration with 1 g cm −2 of aluminum. The atmosphere-averaged effective dose is 0.06697 cSv/d, an increase of only 0.7%, over that of the original sectored configuration. To see the effect of using sectored shields on the total shield mass, rather than using a uniform areal density shield, recall that the total surface area of the hemisphere is 2pR 2 , where R is the radius of the hemisphere. For a sector ranging from zenith angles a to b, the surface area is
and the mass of the sector segment is shield mass ¼ areal density ð Þ Âsurface area À Á
Hence, for a given hemispherical radius, the total mass of the sectored shield is
Where the sum is over all of the different areal density segments.
[21] Using equations (4) segment; and (4) 1.4142pR 2 for the 1 g cm −2 segment. The total mass of shielding for the four areal density shield configuration is 8.0951pR
2 .
[22] For the alternate, two segment shield configuration, the segment masses are 3.6184pR 2 for the 30 g cm −2 segment, and 1.8794pR 2 for the 1 g cm −2 segment. The total mass of shielding for this configuration is 5.4978pR 2 , which is 32% lower, for an effective dose increase of only 0.7%.
Conclusions
[23] In this work the capabilities of the EMMREM framework to estimate GCR radiation exposures anywhere on the surface of Mars have been presented. To facilitate making estimates of human radiation exposures for crew operations in these scenarios, lookup tables have been generated that provide the means for obtaining estimates of doses for critical body organs and effective doses for exposures from GCR environments anywhere on the surface of Mars at any time during the solar cycle. A lookup table is used because the radiation environments are transported through as much as 500 g/cm 2 of atmosphere, aluminum and body self-shielding materials. Calculations at such depths for these complex space radiation environments cannot be carried out in near real time simulations. Methods of generating the lookup tables have been discussed and their use described. Sample calculations involving a simple, sector shielding configuration for a hemispherical, aluminum habitat on the surface of Mars were presented utilizing the lookup tables.
The calculations demonstrate the effectiveness of the Mars atmosphere for shielding surface operations from GCR particles.
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